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Background and Objective: Visible light has beneficial
effects on cutaneouswoundhealing, but the role of potential
photoreceptors in human skin is unknown. In addition,
inconsistency in the parameters of blue and red light-based
therapies for skin conditionsmakes interpretation difficult.
Red light can activate cytochrome c oxidase and has been
proposed as a wound healing therapy. UV-blue light can
activateOpsin 1-SW,Opsin 2,Opsin 3,Opsin 4, andOpsin 5
receptors, triggering biological responses, but their role in
human skin physiology is unclear.
Materials and Methods: Localization of Opsins was
analyzed in situ in human skin derived from face and
abdomen by immunohistochemistry. An ex vivo human
skin wound healing model was established and expression
of Opsins confirmed by immunohistochemistry. The rate of
wound closure was quantitated after irradiation with blue
and red light and mRNA was extracted from the
regenerating epithelial tongue by laser micro-dissection
to detect changes inOpsin 3 (OPN3) expression. Retention
of the expression of Opsins in primary cultures of human
epidermal keratinocytes and dermal fibroblasts was
confirmed by qRT-PCR and immunocytochemistry. Modu-
lation of metabolic activity by visible light was studied.
Furthermore, migration in a scratch-wound assay, DNA
synthesis and differentiation of epidermal keratinocytes
was established following irradiationwith blue light. A role
for OPN3 in keratinocytes was investigated by gene
silencing.
Results: Opsin receptors (OPN1-SW, 3 and 5) were
similarly localized in the epidermis of human facial and
abdominal skin in situ. Corresponding expression was
confirmed in the regenerating epithelial tongue of ex vivo
wounds after 2 days in culture, and irradiation with blue
light stimulated wound closure, with a corresponding
increase in OPN3 expression. Expression of Opsins was
retained in primary cultures of epidermal keratinocytes
and dermal fibroblasts. Both blue and red light stimulated
themetabolic activity of cultured keratinocytes. Low levels
of blue light reduced DNA synthesis and stimulated
differentiation of keratinocytes. While low levels of blue
light did not alter keratinocyte migration in a scratch
wound assay, higher levels inhibited migration. Gene
silencing of OPN3 in keratinocytes was effective (87%
reduction). The rate of DNA synthesis inOPN3knockdown
keratinocytes did not change following irradiation with
blue light, however, the level of differentiation was
decreased.
Conclusions: Opsins are expressed in the epidermis and
dermis of human skin and in the newly regenerating
epidermis following wounding. An increase in OPN3
expression in the epithelial tongue may be a potential
mechanism for the stimulation of wound closure by blue
light. Since keratinocytes and fibroblasts retain their
expression of Opsins in culture, they provide a good model
to investigate the mechanism of blue light in wound
healing responses. Knockdown of OPN3 led to a reduction
in early differentiation of keratinocytes following irradia-
tion with blue light, suggesting OPN3 is required for
restoration of the barrier function. Understanding the
function and relationship of different photoreceptors and
their response to specific light parameters will lead to
the development of reliable light-based therapies for
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INTRODUCTION
Photobiomodulation (PBM) as a clinical application for
wound healing is impaired by a lack of complete
understanding of all involved molecular targets [1], which
include cytochrome c oxidase (CCO) [2], nitrozated
proteins [3,4], flavoproteins generating reactive oxygen
species (ROS) [5–7] and light-activated calcium chan-
nels [8]. Previously it was reported that interaction of CCO
with red light [2] induces a shift in the redox potential of
the cell, inducing transcriptional changes modulating
proliferation, metabolism and motility, all important in
wound healing [9].
Currently, there is growing interest in the Opsins
(OPNs) which are G-protein coupled receptors (GPCRs),
as potential targets for light therapy. In humans, the
visual OPNs are OPN1 and OPN2 (rhodopsin) which are
the main photoreceptors in the eye [10]. Human OPN1 is
further subdivided into three forms, OPN1-SW (short
wavelength), OPN1-MW (medium wavelength), and
OPN1-LW (long wavelength) which are found in cones
while OPN2 is found in rods. The maximum absorption
spectrum for OPN1-SW is in the violet–blue range (420–
440nm), while OPN2 is activated by cyan light (496nm) in
the eye [11]. Furthermore, there is increasing evidence
that OPN2 in the skin is activated by UVA-violet light in
humans [12,13] and mice [14]. There are also non-visual
OPNs, which are OPN3 (encephalopsin), OPN4 (melanop-
sin), and OPN5 (neuropsin) with absorption bands that
extend over theUV-A-visible spectrumwith corresponding
peaks at 460nm [15], 496nm [16], and 380nm [17].
In general, red light (600–760nm) was reported to
stimulate proliferation and migration of human epidermal
stem cells [18] and keratinocytes [19], increase human
fibroblast numbers from normal skin and hypertrophic
scars [20], and encourage migration of fibroblasts from
patients with diabetes [21]. This suggests beneficial roles
for red light therapy in re-epithelialization and extracellu-
lar matrix formation during wound healing.
In contrast, blue light (450–490nm) was reported to
inhibit proliferation of neonatal foreskin keratinocytes at
33 J/cm2 with onset of apoptosis at higher doses (100 J/
cm2) [3]. Blue light was also reported to induce early
differentiation of keratinocytes at low doses (5 J/cm2),
while higher settings (66 and 100J/cm2) induced late
differentiation [3]. Reduced proliferation and metabolic
activity has also been observed in primary cultures of
human dermal fibroblasts after irradiation with blue
light [6,22]. Recently, Mignon et al. demonstrated a
stimulatory effect with a single treatment of 450nm light
at 2 J/cm2 on metabolic activity of dermal fibroblasts, with
suppressive action following additional irradiations [23].
In a scratch-wound assay, high-dose blue light (55 J/cm2)
inhibited fibroblast migration, while lower doses (2, 5, and
10J/cm2) had no effect [24].
In wound healing, red light is thought to stimulate
proliferation and re-epithelialization, while blue light has
an antimicrobial effect to combat infection [25,26]. The
anti-proliferative effect is the basis for the use of blue light
therapy for psoriasis treatment [27–29], while its modula-
tion of dermal fibroblasts has potential for the treatment of
hypertrophic scarring in the latter stages of wound
healing [30]. Finally, blue light is also able to induce
vasodilatation in mice via activation of OPN4, a very
important function to ensure the blood flow reaches the
wound site, especially during chronic wound healing [31].
Yet, the role of blue light in other stages of wound healing
has not been investigated. Here, we suggest a role for low-
dose blue light in the early differentiation of keratinocytes
to restore the barrier function of the epidermis.
After the discovery of OPN2 expression in murine
melanocytes in culture [32], Tutsumi et al. were the first
to identify the presence of visual OPNs (OPN1-SW and M/
LW andOPN2) in human facial skin. In humans, there is a
growing evidence for photosensitivity of OPNs outside of
the image-forming visual system [12,13,15,17,33–35].
Since most Opsins have their absorption peak in the short
wavelength region of the optical spectrum, blue, violet, and
UV-A light will be the most effective at activating OPN-
mediated signaling pathways. In human melanocytes,
OPN2was reported tomediate photon reception and signal
transduction following UV-A exposure, leading to calcium
mobilization and melanogenesis [13]. More specifically,
OPN2 mRNA was up-regulated by violet light (410nm) in
cultured neonatal foreskin keratinocytes [12]. The non-
visual OPN3, a photoreceptor generally found in animals
such as the pufferfish [15], has recently been identified in
human hair follicles, including the stem cells [33], and it
was activated by low-dose blue light to increased prolifer-
ation of cultured outer root sheath keratinocytes [33].
Furthermore, OPN4was responsible for the vasodilatation
response to blue light in mice [31]. Collectively, these
findings highlight a function for OPNs in human skin,
opening new fields of opportunities for developing light-
based therapies specifically targeting OPNs.
The role of OPNs in wound healing has never been
addressed. Therefore, the first aim of this study was to
investigate the expression and localization of OPNs in
human skin from different anatomical regions, and in the
regenerating epithelial tongue of an ex vivo human skin
wound-healingmodel.Then, toestablishwhetherblueor red
light could stimulate wound closure in an ex vivo wound-
healing model, and whether this could be related to
expression of OPN3 in the regenerating epidermis. The
second aim was to investigate the retention of OPNs in
primary epidermal keratinocytes and dermal fibroblasts in
culture,and then, tostudywhetherblueorred lightcanalter
functional responses of epidermal keratinocytes important
in wound healing, that is, metabolic activity, proliferation,
differentiation andmigration and if knockdownof theOPN3
gene would affect light-triggered cell behavior.
MATERIALS AND METHODS
Expression of Opsins in Human Skin
Female human skin was obtained with full written
consent adhering to the Declaration of Helsinki principles
and under human tissue act guidelines. Facelift or
abdominoplasty procedures were always performed in the
morning and skin processed in the afternoon of the same
day. Sevenmicrometer cryosections (n¼ 4 donors, 44–63
years) were fixed in acetone before blocking with 5% bovine
serum albumin (BSA) and 5% donkey serum (DKS) in
phosphate-buffered saline (PBS) for 1hour. Primary anti-
bodies were diluted in 1% BSA and 1% DKS and incubated
overnight at 48C; 1:200 OPN1-SW (AB5407, Millipore,
Amsterdam-Zuidoost, the Netherlands), 1:100 OPN3
(ab66742 for immunohistochemistry (IHC) and ab75285
for immunocytochemistry (ICC), Abcam, Cambridge, UK),
1:200 OPN5 for IHC and 1:500 for ICC (ab199668, Abcam).
A negative control (omission of primary antibody) was
included in the experimental procedure. Double staining
was performed with 1:200 KRT14 (ab51054 or ab7800,
Abcam). Incubation with 1:200 Alexa-488 (ab150073,
Abcam) and Alexa-647 (ab150115, Abcam) was for 1hour
at 378C. Slides were mounted using VECTASHIELD1
containing DAPI (VECTOR). Images were taken using a
confocal microscope (LeicaMicrosystems B.V., Amsterdam,
the Netherlands).
Light-Emitting Devices
The effect of light was investigated using proprietary
LED-based devices, where the irradiance, beam homoge-
neity, temperature of culture plates, and prevention of
light leakage between the plateswas carefully controlled or
monitored [3,23,33,36]. The temperature of the wells was
measured with a FLIR A655sc Infrared Camera, (FLIR1
Systems, Inc, Meer, Belgium) at the start of the treatment,
which was approximately 378C, and at the end, when the
temperature had gone down to 248C.
The impact of selected discreet wavelengths across
visible to near-infrared spectrum on metabolic activity of
keratinocytes in vitro was investigated using an LED-
based device emitting 447, 505, 530, 655, and 850nm
wavelengths and housing 24 well-plates [23]. Response of
an ex vivo wounded skin model to light was studied using
LED-based devices emitting a single wavelength (either
453 or 656nm) [3,33,36]. The 453nm LED-based device
was also used to study migration, DNA synthesis and
differentiation of keratinocytes. Media was refreshed after
every light treatment.
Effect of light on an ex vivo human skin wound
healing model. An ex vivo wound healing assay was
established [37]. Two parallel incisions weremade using an
in-house double blade scalpel (1mm wide). Rectangular
wounds (60–80mm2) surrounded by epidermis at both sides
were cultured at the air liquid interface (Netwell inserts,
Corning,) in phenol red-free DMEMwith 10% foetal bovine
serum [38], 250U/ml penicillin and 250mg/ml streptomycin
(Pen/Strep), 7.5mg/ml of amphotericinBand 5%glutaMAX.
Ex vivo wounds were irradiated daily with two proprietary
LED-devices emitting 453nm light [3,33,36] at 2 J/cm2 or
656nm at 30J/cm2. Images were taken using a wide-field
microscope (Leica) and wound area was measured using
Image J software. Samples were collected at day 0
(immediately after wounding) and day 2 (4hours after
light treatment) for IHC of OPNs (see above) and KRT17
(1:200, ab109725, Abcam).
Lasermicro-dissection of regenerating epidermis.
Cryosections from ex vivo wounds were collected onto
membrane slides (Molecular Machines and Industries
[MMI]) and stained with the H&E RNase free kit (MMI).
The epithelial tongue was collected into a 0.5ml diffuser
cap collection tube (MMI) with a Nikon T2000 laser
capture microscope. RNA isolation was performed using
RNeasy Micro Kit (QIAGEN) and RNA amplification with
the ArcturusTM RiboAmp1 PLUS Kit (ThermoFisher
Scientific, Carlsbad, CA). RNA quality was confirmed
with Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA).
Quantitative real-time PCR (qRT-PCR) [39] was per-
formed using a high-capacity cDNA reverse transcription
kit (Applied Biosystems, UK) and SYBR Green Supermix
(Applied Biosystems); OPN primers were used at 1mM
(Table 1). Level of expression (Ct (Ct
DD) equitationmethod)
was analyzed with respect to the GAPDH housekeeping
gene. Human universal reference total RNA (Clontech)
was the positive control.
Cell culture of human primary epidermal kerati-
nocytes and dermal fibroblasts. Primary cultures of
human epidermal keratinocytes and dermal fibroblasts
from healthy females were established [40]. Keratinocytes
(passage 2–5) were cultured in serum free supplemented
keratinocyte growth medium 2 (Promocell, UK) and Pen/
Strep.Media was changed to EGF-free and phenol red-free
starvation media 24hours before each experiment. Papil-
lary fibroblasts (passage 3–8) were cultured in DMEM
TABLE 1. Primer Sequences of OPN1-SW, OPN3, OPN5, and KRT10 for qRT-PCR
Accession
number Gene Primer sequence (sense/antisense) Tann




NM_181744 OPN5 5’CTAGACGAAAGAAGAAGAAGCTGAGACC3’/5’GCGGTGACAAAAGCAAGAGA3’ 63.18C
NM_000421.3 KRT10 5’AGCATGGCAACTCACATCAG3’/5’TGTCGATCTGAAGCAGGATG3’ 62.48C
Tann, annealing temperature.
supplemented with 10% FBS, Pen/Strep, 7.5mg/ml of
amphotericin B and 5% glutaMAX. Media was changed
to 2% FBS and phenol red-free starvation media 24hours
before each experiment.
Total RNA from keratinocytes (facial skin, n¼ 4) and
fibroblasts (breast, face, abdomen and scalp skin, n¼ 8)
was isolated and qRT-PCR of OPN1-SW, OPN2, OPN3,
and OPN5 performed as previously described. RT-PCR of
OPN4 from fibroblast RNA only was performed as
previously described [41]. For ICC, cells were cultured in
Millicell EZ 8-well glass slides (Merck, UK).
Effect of light on the metabolic activity of kerati-
nocytes. Keratinocytes in 24 well-plates with a black
frame (Porvair Science, Wrexham, UK) were irradiated
with blue (447nm, 50mW/cm2, 2 J/cm2), cyan (505nm,
30mW/cm2, 2 J/cm2), green (530nm, 30mW/cm2, 2 J/cm2),
red (655nm, 40mW/cm2, 30 J/cm2) or near infrared (NIR)
(850nm, 40mW/cm2, 60 J/cm2) light using the proprietary
LED-based devices [23]. Alamar Blue1 (Thermo Fisher
Scientific) assay was performed after 24hours [23] and
relative metabolic activity analyzed with respect to
corresponding non-irradiated cultures.
Effect of blue light on the migration of keratino-
cytes. Keratinocytes in 12-well plates were scratched and
the proprietary LED-based device, (453nm, 50mW/cm2,
2 J/cm2) was used to irradiate keratinocytes. Images at 0,
12, and 21hours after scratching were analyzed using
Image J.
Effect of OPN3 silencing and blue light on DNA
synthesis and differentiation of keratinocytes. Ker-
atinocytes cultured on 0.5% gelatin coated coverslips were
synchronized [42] before transfection with complexes of
lipofectamine RNAiMax (Invitrogen, Bleiswijk, the
Netherlands) and smartpool siRNA (50nM) directed
against OPN3 (siOPN3) or non-targeting siRNA control
(NTRC) (ON-Targetplus, Dharmacon). After 24hours,
cells were irradiated with 453nm (50mW/cm2, 2 J/cm2)
light and the thymidine analogue EdU (10mM), (Click-iT1
EdU Imaging Kits, Invitrogen) was added. After 10hours
cells were fixed with 4% paraformaldehyde (PFA) for
double staining of EdU fluorescence (green) and KRT10
expression (red) by ICC (ab76318, Abcam). Images were
taken using the slide scanner, Pannoramic MIDI II
(3DHISTECH) and Image J was used to quantify the
relative percentage of EdU and KRT10 positive cells.
Transfection efficiency and KRT10 expression was per-
formed by qRT-PCR (Table 1).
RESULTS
Opsins are Similarly Expressed in Human Facial
and Abdominal Skin
OPN1-SW, OPN3, and OPN5, were all expressed in
female facial and abdominal skin (Fig. 1), while OPN2 has
previously been shown to be expressed in facial skin in
situ [43]. OPN1-SW and OPN3were expressed throughout
the epidermis, with OPN1-SW mainly in the stratum
granulosum, while OPN3wasmore prominent in the basal
layer (where the basal keratinocytes were identified using
KRT14). OPN1SW and OPN3 were also expressed in the
dermis. In contrast, the expression of OPN5 was confined
exclusively to the basal keratinocytes.
An Ex Vivo Human Skin Wound Healing Model
Regenerates New Epithelium With an Induced
Expression of KRT17
An ex vivo human skin wound healing model was
established. After two days in culture, the wound edges
visibly started to close (Fig. 2) and histology confirmed the
formation of a new epithelial tongue from the wound edges.
Thiswas further confirmedby thehighexpressionofKRT17
at the wound margins and in the migrating epithelial
tongueafter 2days in culture, in comparison to skinbiopsies
taken immediately after wounding (Fig. 2F and E).
Opsins are Expressed in the Epithelial Tongue of
Human Skin During Wound Repair Ex Vivo, and
Light Accelerates Wound Closure
OPN expression was also demonstrated in the regener-
ating epithelium of human ex vivo wounds after 2 days in
culture. KRT14was expressed in the new epithelial tongue
(Fig. 3). OPN1SW was co-localized with KRT14 in the
apical epithelial tongue, while both OPN3 and OPN5 co-
localized with KRT14 in the basal epithelial tongue of the
regenerating epidermis.
To establish whether light modulates expression of
OPNs during wound healing, the epithelial tongue was
isolated by laser micro-dissection from non-irradiated
biopsies after blue (2 J/cm2) or red (30 J/cm2) light
exposure. Low-level blue light (453nm; 2 J/cm2) induced
OPN3 expression, while red light had no effect.
The speed of closure for each wound was analyzed at
day 2 following light treatment. While it was variable
between donors, intra-donor response was consistent. Low
dose of blue light (2 J/cm2) increased the rate of closure in
Donor 2 and 3, while red light (30 J/cm2) increased wound
closure only in Donor 2 (Fig. 3).
Primary Epidermal Keratinocytes and Dermal
Fibroblasts Derived From Human Skin Retain
Expression of Opsins in Culture
Both mRNA and protein expression of OPNs was
confirmed in primary human keratinocytes and papillary
dermal fibroblasts. Keratinocytes and fibroblasts ex-
pressed mRNA and protein for OPN1SW, which was
confined to the peri-nuclear region in both cell types
(Fig. 4). Likewise, OPN3 mRNA and protein was also
expressed in keratinocytes and fibroblasts, although
protein expression was diffusely localized in the cytoplasm
and cell membrane. Comparison of the relative mRNA
expression of OPN3 showed significantly higher levels in
keratinocytes compared to fibroblasts. In contrast, OPN5
(both mRNA and protein) was only expressed in keratino-
cytes. Interestingly, expression of OPN2 was not retained
in keratinocytes in culture while it was found in dermal
fibroblasts at both mRNA and protein level (data
not shown). OPN4 mRNA was not detected in dermal
fibroblasts in culture so further analysis was not carried
out (data not shown).
Light Has a Physiological Effect on Epidermal
Keratinocyte Function in Culture
To establish a physiological effect of light on human
keratinocytes, cultures were irradiated with 2 and 30J/
cm2 of blue, cyan and green light (447, 505, and 530nm), as
well as 30 J/cm2 of red light (655nm) or 60 J/cm2 of NIR
light (850nm) and metabolic activity was quantitated. A
statistically significant increase in metabolic activity was
stimulated by 2 J/cm2 of blue, cyan and red light (Fig. 5).
However, 2 J/cm2 of green light, 30 J/cm2 of blue, cyan and
green light and 60 J/cm2 of NIR had no effect.
Since OPN1-SW and OPN3 have an absorption peak in
the blue light wavelength, to further understand their
potential role on epidermal keratinocytes, the effect of 2 J/
cm2 of 453nm (blue) light on cell morphology, cell
differentiation, DNA synthesis and cell migration in a
scratch-wound assay was investigated. Cultures of human
primary epidermal keratinocytes, following irradiation
with 2 J/cm2 of blue light, showed no changes in morphol-
ogy and colony formation ability after treatment (Fig. 5).
DNA synthesis of keratinocytes was reduced following
exposure to low levels of blue light, while differentiation, as
shown by expression of KRT10, a marker of early
differentiation, was induced (Fig. 5). In contrast, blue
light had no effect on keratinocyte migration in a scratch-
wound assay. To further investigate the effect of blue light
on their migratory ability, keratinocytes were exposed to a
higher dose (30 J/cm2) in a scratch-wound assay, which
reduced migration as early as 12hours.
Blue Light-Induced Differentiation of Cultured
Epidermal Keratinocytes Is Regulated by OPN3
Since low-irradiance blue light decreasedDNAsynthesis
and increased differentiation (Fig. 5), the effect of blue
light following knockdown of OPN3 was evaluated. The
efficiency of OPN3 knockdown was confirmed by an 87%
reduction of OPN3 mRNA in siOPN3 keratinocytes
compared to control NTRC (Fig. 6). The reduction in
OPN3 protein expression was confirmed by Western Blot
Fig. 1. Localization of OPN1-SW, OPN3 and OPN5 in facial and abdominal human skin by
immunohistochemistry. (A) Localization of OPN1-SW (green) and KRT14 (red) in facial skin (FS).
(B) Localization of OPN1-SW (green) and KRT14 (red) in abdominal skin (AS). (C) Localization of
OPN3 (green) and KRT14 (red) in FS. (D) Localization of OPN3 (green) and KRT14 (red) in AS. (E)
Localization of OPN5 (green) and KRT14 (red) in FS. (F) Localization of OPN3 (green) and KRT14
(red) in AS. Yellow denotes co-localization. Nuclei are counterstained with DAPI (blue). Scale
bars¼75mM. Representative images from four individual donors. Negative control (omission of
primary antibody) was included to confirm there was no non-specific binding (data not shown).
48h after silencing demonstrating it had decreased by
61.42% (data not shown). The expression of KRT10mRNA
did not change, confirming OPN3 knockdown had no effect
on keratinocyte differentiation.
Following knockdown of OPN3, keratinocytes irradiated
with 2 J/cm2 of blue light significantly reduced EdU
incorporation, a marker of DNA synthesis. However,
DNA synthesis was similarly reduced in NTRC keratino-
cytes by blue light. In contrast, while blue light induced
differentiation in NTRC keratinocytes, this effect was
abrogated in OPN3 knockdown keratinocytes (Fig. 6).
DISCUSSION AND CONCLUSIONS
Since the first sequence of an Opsin, bovine rhodopsin,
was determined by protein sequencing in 1982, more than
1,000 opsins have been identified, 9 of them are present in
the human genome [10].
Beyond vision, the OPN family have been implicated in
other functions. For example, OPN4 is considered to be a
circadian clock photoentrainment molecule in mam-
mals [44–47], while OPNs have also been implicated in
functions related to temperature regulation [48–50]. Fas-
cinatingly, following the work of Miyashita et al. describ-
ing the expression of OPN2 and cone opsins in murine
melanocytes [32], the presence of visual opsins, OPN1 and
OPN2 that mediate day-light (color) and twilight vision in
the human eye [51] has been reported in human facial
epidermis [43], suggesting a potential light-sensitive role
in the skin. Indeed, since then, the biological role of OPNs
in light photoreception in skin is emerging as a new,
exciting field in PBM [12,13,33–35], as well as in other
tissues beyond the eye [15,17,31,52,53].
Interestingly, we have observed the presence of OPN1-
SW, which is activated by violet-blue light (420–
440nm) [10], a wavelength that does not penetrate very
far into the skin [54], not only in the superficial layers of
the epidermis in agreement with Tutsumi et al., but
strikingly also in the papillary dermis. In contrast, the
expression of OPN3 (with an absorption peak at a longer
wavelength of 460nm) was mainly confined to the stratum
basale, albeit lower expression was also seen in the
suprabasal layer. This is partially in agreement with
localization of OPN3 in human scalp [33], where expres-
sion was higher in differentiated layers of the epidermis
compared to facial or abdominal skin in this study. The
expression of OPN3 in basal keratinocytes may be
explained by its absorption at a slightly longer wavelength
(465nm) [15], compared to OPN1-SW [10]. However, we
Fig. 2. Human ex vivo wound healing model. (A) Representative image of ex vivo human skin
immediately after wounding and (B) two days after wounding and cultured in the air liquid
interphase (n¼3 donors). (C) Hematoxylin and eosin staining ex vivohuman skin immediately after
wounding showing removal of epidermis and upper dermis. (D) Hematoxylin and eosin staining of
ex vivowounds after two days in culture. Arrows denote wound edge. (E) KRT17 (green) expression
in human skin immediately after wounding. (F) KRT17 (green) expression in ex vivo wounds after
two days in culture. Nuclei are counterstained with DAPI (blue). Scale bar¼75mM.
are tempted to suggest that one cannot simply state that
the expression ofOpsins as a function of depth in the skin is
solely guided by the wavelength-dependence of their
absorption peak, as violet light absorbing OPN1-SW was
also found in papillary dermal fibroblasts. As for OPN5, a
UV-absorbing receptor [55], we believe that this is the first
time its expression in human skin in situ is reported
(Fig. 1). Localization of OPN5 was restricted exclusively to
the basal layer of the epidermis as illustrated by its perfect
co-localization with KRT14, a specific marker of basal
keratinocytes. Although its peak is within the UV-A
spectrum [55], which again is thought not to not penetrate
deep in the skin, OPN5 was expressed in the epidermal
layer containing proliferative keratinocytes, stem cells and
melanocytes [56–58], where protection against UV light is
critical. Since OPN5 is expressed in cultured neonatal
foreskin melanocytes [41], our finding could indicate a
potential role of OPN5 in the UV response of basal
keratinocytes, and cross-talk with melanocytes to regulate
skin protection and prevent DNA damage [59].
One could speculate that OPNs might be predominately
expressed in light-exposed areas of human skin, for
example, the face. This hypothesis is in agreement with
the expression level of OPN1-LW and OPN4 in human
skin, which is higher in sun-exposed skin. However, it is
not the case forOPN5, whichwasmore highly expressed in
non sun-exposed skin, while OPN1-SW, MW, OPN2 and
OPN3 did not show any difference with anatomical
regions [14]. In this study, OPN1-SW, OPN3, and OPN5
demonstrated a similar pattern of localization in abdomi-
nal skin and sun-exposed facial skin (Fig. 1). The
expression of OPN1-SW and OPN3 suggest they may
Fig. 3. Expression of OPNs and effect of blue and red light during re-epithelialization. (A–C)
Localization of KRT14 (red) and OPN (green); OPN1-SW (A), OPN5 (B) and OPN3 (C) in the newly
formed epithelial tongue of ex vivo wounds after two days in culture. Arrows denote growth of new
epidermis. Nuclei are counterstainingwithDAPI. Scale bar¼75mM.Representative images from 4
individual donors. (D) Relative mRNA expression of OPN3 in the newly formed epithelial tongue
after irradiation with blue light (2 J/cm2) or red light (30 J/cm2). Data was calculated relative to
GAPDHand presented as themean of the normalized relative expression of n¼2–3woundsSEM.
(E) Mean of speed of closure of human ex vivo wounds after two days in cultureSD (n¼5–7
wounds per donor). Wounds were treated twice (24hours interval) with blue (2 J/cm2) and red light
(30J/cm2). P<0.05, P<0.01 in a two-way ANOVA.
have biological functions beyond light reception in non-
photoreceptive cells, or they are vestigial evolutionary
remnants from mechanisms developed in the prehistoric
times of “naked apes” and have remained well conserved
even after humans had experienced dramatic changes in
lifestyle, such as sun protectionwith clothing. The fact that
OPN3 has been found in a range of non-photoreceptive
tissues including the brain, testis and liver [10] also
supports these theories. Finally, more research into the
role of the expression of OPN5 in sun-exposed skin is
required. The fact that OPN5 is specifically expressed only
in the basal layer of the epidermis means that any sun-
damage to the cells in this layer could affect the expression
of OPN5.
Ex vivo cultures recapitulate the physiology of kerati-
nocytes in vivo as communication with other skin cell, for
example, fibroblasts, melanocytes, immune cells. An ex
vivo human skin wound healing model was established to
investigateOPNs expression in the regenerating epithelial
tongue and if red or blue light could modulate wound
closure. The expression of KRT17 confirmed the regenera-
tion of a new epithelial tongue in ex vivo wounds (Fig. 2).
OPN1-SW, OPN3, and OPN5 were all expressed in this
newly formed epidermis, suggesting their role in re-
epithelialization. Interestingly, OPN expression here
closely resembled that of normal epidermis. While
OPN1-SW was highly expressed in the apical migrating
keratinocytes, OPN3 and OPN5 were highly expressed in
basal keratinocytes (Fig. 3). Furthermore, expression of
OPN3 in the epithelial tongue was upregulated following
exposure to low-level blue light, but not red light (Fig. 3).
Since OPN3’s peak absorption is in the blue spectra [15], it
does not feel utterly non-logical that red light does not
stimulate it. A major role of the epidermis is to provide a
protective barrier against external pathogens and prevent
trans-epidermal water loss (TEWL) [60]. Disruption of the
Fig. 4. Expression of Opsin mRNA and protein in cultures of human primary epidermal
keratinocytes and dermal fibroblasts. Relative expression of mRNA in EKs (n¼4) and DFs (n¼8)
for (A) OPN1-SW, (D) OPN3, (G) OPN5SEM quantitated by qRT- PCR; human reference RNA
(hREF) was used as a positive control. P-value <0.01 and ns represent not significant using
Mann–Whitney test. Representative images of (B) OPN1-SW (green), (E) OPN3 (green), and (H)
OPN5 (green) protein localization in EKs by immunofluorescence; nuclei are counterstained with
DAPI (blue). Representative images of (C) OPN1-SW (green) and (F) OPN3 (green), protein
localization in DFs by immunofluorescence. (I) Negative control (no primary antibody) in DFs.
Nuclei are counterstained with DAPI (blue). Scale bar¼75mM.
Fig. 5. Effect of visible light of different wavelengths and doses onmetabolic activity, proliferation,
differentiation and migration of epidermal keratinocytes. (A–C) Relative metabolic activity of EKs
following exposure to (A) 2 J/cm2 of shortwavelength light 447 (blue), 505 (cyan) and 530 (green) nm,
(B) 30 J/cm2 of short wavelength light 447 (blue), 505 (cyan) and 530 (green) nm, and (C) long
wavelength light (655nm (red at 30 J/cm2) and 850nm (NIR at 60 J/cm2). Data presented asmean of
n¼4 donorsSEM P<0.05 and P>0.01 using one way ANOVA. (D–E) Images of control (non-
treated) (D) and blue light treated (2 J/cm2) (E) EKs. Scale bar¼200mm. (F) Quantification of DNA
synthesis by EdU incorporation of EKs after irradiation with 453nm (blue) light at 2 J/cm2. Data
presented as relative mean of EdU positive cells/DAPISEM. P>0.01 using unpaired t-test. (G)
Quantification of differentiation by KRT10 expression after irradiation with 453nm (blue) light at
2 J/cm2. Data presented as relative mean of KRT10 positive cells/DAPI (n¼3 donors)SEM.
P>0.05 using unpaired t-test. (H) Quantification of migration 12 and 21hours after scratch-
wounding monolayers of EKs. EKs were irradiated with 453nm (blue) light at 2 J/cm2 or 30 J/cm2
immediately after scratching. Data presented as relative mean of closure of n¼3 donorsSEM.
P<0.05, P<0.01 using two-way ANOVA.
barrier leads to a series of cellular responses, including
changes in gene expression. In order for keratinocytes to
migrate they must undergo an epithelial to mesenchyme
transition (EMT), where proteins such as vimentin are up-
regulated and others, for example, E-cadherin are down-
regulated [61]. While migration, proliferation and differ-
entiation of keratinocytes is vital in wound repair, so too is
restoration of the functional barrier requiring the synthe-
sis of key components such as cross-linked lipids and
proteins, for example, filaggrin and loricrin [62]. The
epidermis also acts as a first-response immune organwhen
the barrier is breached and the upregulation of antimicro-
bial peptides (AMP) such as cathelicidin and defensins
have also been shown to accelerate wound repair [63]. At
present, a role for OPN3 in any these responses is
unknown, but the increase in OPN3 mRNA expression
might indicate a functional response of OPN3 to blue light
during human wound healing and warrants further
investigation.
While investigating the effect of light on wound closure
we noted that the differences in speed of closure
highlighted donor variability in human skin ex vivo.
While all biopsies were taken from the same anatomical
region of women of a similar age, biological variability,
including hormonal fluctuations between different donors
may explain the variability in wound closure [64]. Donor
variability has been previously reported in skin ex vivo
cultures, which may be attributed to different inflamma-
tory responses induced by tissue removal [65] or different
circadian rhythms as a consequence of the different
environmental cues that individual donors have been
exposed to (e.g. food intake, shift work, stress, smoking
etc.), which can impact on epidermal stem cell func-
tion [42,66]. On a positive side, the low variation within
donors (<0.017mm2/h, SD) supported reproducibility of
the developed model. Therefore, we have chosen to study
the effect of light independently in each of the donors. The
response to light of different donors followed a similar
Fig. 6. Effect of blue light on proliferation and differentiation of OPN3 silenced human epidermal
keratinocytes. (A–B) Relative mRNA expression of OPN3 (A) and KRT10 (B) in EKs treated with
non-target siRNA control (NTRC) or siRNA against OPN3 for 24hours. Data presented as mean
relative expression ofn¼3 donorsSEM. P>0.001using aunpaired t-test. (C) DNAsynthesis of
EKs treatedwithNTRCor siRNAagainstOPN3 for 24hours and irradiatedwith 453nm light at 2 J/
cm2. Data presented as the mean relative EdU positive cells/DAPI of EKs SEM. P<0.001
and ns indicates not significant using two-way ANOVA. (D) KRT10 expression of epidermal
keratinocytes treated with non-target siRNA control or siRNA against OPN3 for 24hours and
irradiated with 453nm light at 2 J/cm2. Data presented as the mean relative KRT10 positive cells/
DAPI of EKs (n¼3 donors)SEM. P>0.05 using two-way ANOVA.
trend (Fig. 3); interestingly, low-dose blue or red light
induced wound closure in Donor 2 and blue light also
induced wound closure in Donor 3. Despite this observa-
tion, our thinking is that the molecular mechanisms
activated by blue and red light are likely to be highly
different, with CCO as the main photoreceptors of red
light [2], while OPNs might be a new molecular target
triggered by shorter wavelengths of light, in particular
OPN3 which is suggested to be a potential light-therapeu-
tic target as it is upregulated after blue light treatment in
the epithelial tongue of the ex vivo wounds (Fig. 3).
In order to further investigate the molecular mecha-
nisms of OPNs and light reception in skin cells, their
expression in primary cultures of keratinocytes and
fibroblasts was characterized. While mRNA expression of
OPN1SW, OPN3, and OPN5 in keratinocytes has previ-
ously been reported [41], expression in dermal fibroblasts,
and expression at the protein level has not yet been
established until now. We confirmed that primary kera-
tinocytes express OPN1-SW, OPN3, and OPN5 at both the
mRNA and protein level.
Furthermore, here we report for the first time that
cultured dermal fibroblasts from different anatomical
regions express OPN1-SW, OPN2 and OPN3, but not
OPN4 and OPN5 (Fig. 4). Interestingly, expression of
OPN3 mRNA was higher in keratinocytes compared to
fibroblasts (which might reflect their sensitivity to light
coupled to a deeper anatomical position of the latter ones
and thus lower “chance” to interact with blue-colored
photons), however, there was no difference in expression of
OPN1-SW between these two cell types. In cultured
keratinocytes and fibroblasts, OPN1-SW was confined to
the peri-nuclear region. Intriguingly, the same localization
profile is found in human sperm [48]. The authors of this
study highlighted a role for OPN4 in sperm thermotaxis
mediated by phospholipase C (PLC), due to its specific
localization around the postnuclear cap, which is the
location of the non-acrosomal Ca2þ store involved in PLC
signaling. Therefore, the role of OPN1-SW in human skin
may be related to temperature sensing, however, peri-
nuclear OPN4 localization has also been observed in
normal and melanoma cell lines [67], where it can respond
to UV-A light in mice [14] indicating a possible photore-
ceptor activity of OPNs located in the perinuclear region of
cells. In contrast, OPN3 was localized to the plasma
membrane and cytoplasm, and OPN5 was seen in the
plasma membrane and cytoplasm, however, only in
keratinocytes, suggesting functional roles for non-visual
OPN3 and OPN5 in human epidermis. In a first screening
of OPN expression, OPN4 mRNA was not detected in
primary humandermal fibroblasts in culture and therefore
further study of this protein was not carried out. However,
further investigation into the presence of OPN4 is still
required to have the complete picture of OPN expression in
human skin.
Since we identified that cultured primary cells main-
tained OPN expression at mRNA and protein levels,
logically in vitro cell cultures should provide a physiologi-
cally relevant model to explore the effect of light on human
skin. To determine a role in PBM, we sought to establish
the effect of blue light on epidermal keratinocytes, since
this is where most OPNs have their absorption spectra.
What also supported our choice is that OPN3 and OPN5
were more highly expressed in epidermal keratinocytes
than dermal fibroblasts (Fig. 3). For the sake of complete-
ness (as highly used in PBM) red and NIR light was also
included in the study on metabolic activity. Interestingly,
wavelengths of blue, cyan and the red part of the spectrum
(447, 505, and 654nm) stimulated metabolic activity
demonstrating the overall ability of keratinocytes to
respond to visible light. Since an increase in metabolic
activity was stimulated at 447 and 505nm, but not 530nm,
this may be mediated by OPN1-SW or OPN3, as their
peaks of absorption are 430 and 465nm, respectively.
One cannot exclude that OPN5 may also be involved,
since its photoproduct absorbs light at 447nm following
photoconversion after UV stimulation [17].
Low-level blue light decreased DNA synthesis, but
stimulated keratinocyte differentiation (Fig. 5), suggesting
the increase in metabolic activity does not translate into
increased proliferation, but rather into restoration of the
epidermal barrier. Indeed, low-dose blue light did not
modulate migration of keratinocytes, while a high dose of
30 J/cm2 had an inhibitory effect, in line with reports on
cultured dermal fibroblasts [24,68].
To establishwhether effects of blue light on keratinocytes
are modulated via OPNs, the consequence of silencing
OPN3 was evaluated. OPN3 was not essential for DNA
synthesis or differentiation of non-irradiated keratinocytes
(Fig. 6). Furthermore, the decrease in DNA synthesis
induced by blue light also occurred when OPN3 was
silenced, suggesting the decrease in proliferation in
response to blue light is not regulated by OPN3. However,
blue light increased the expression of KRT10, which was
abrogated by silencing OPN3, suggesting this effect is at
least partially modulated by OPN3. One possible down-
stream mechanism triggered by OPN3 could act via cAMP
and Ca2þ signaling [69], which can activate the CREB and
theRas signaling pathways.What supports this hypothesis
is that knockdown ofOPN3blocked the calciumfluxand the
phosphorylation of CREB and Ca2þ/calmodulin-dependent
proteinkinaseII (CAMKII) innon-irradiatedandblue light-
irradiated human melanocytes [35]. Furthermore, OPN2
has been shown to contribute to the induction of UV-
dependentCa2þmobilization inmelanocytes [13]. Inhuman
epidermal keratinocytes, a non-canonical OPN2 signaling
pathway mediated by Gi protein has been reported [12].
In conclusion, OPNs are expressed in human skin and
the regenerating epithelial tongue after wounding, with
upregulation of OPN3 expression after blue light irradia-
tion. Furthermore, low-level blue and red light stimulated
wound closure in human skin ex vivo, indicating beneficial
roles of light during wound healing. The effect of low-level
blue light on primary keratinocytes in vitro highlights its
potential role in regulating metabolic activity and differ-
entiation, which is certainly of importance for epidermal
barrier restoration following the re-epithelialization in
wound healing. Gene silencing has identified OPN3 as a
blue-light receptor regulating keratinocyte differentiation
and a potential player in restoring skin barrier functional-
ity. Therefore blue light (at least at low dose levels) may
provide beneficial effects in treatments of chronic wounds
unable to restore functionality of the epidermal barrier, as
well as in other skin conditions such as ichthyosis and
atopic dermatitis [70].
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